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llknenclature 

A nuclear mass nmber 

a osci 11 ator parmeter, f m  

N e )  average slope paraAeter of nucleon-nucleon scattering mplltude, 

fd 

li pro jec t i l e  impact parmeter vector, f m  

C average correlat ion function 

e two-nucleon k inet ic  energy i n  the i r  center of  mass frme, 6 e V  

kF Fermi momentun wavenumber, fm” 

1 6 )  defined i n  equation (3) 

n nunber of abraded nucleons 

N neutron nuher  

r posit ion vector, f m  
+ 

r C  nucleon ef fect ive root-mean-square radius, f m  



rn 

rP 

+ 
Y 

+ z 

c> 
P 

Oabs 

an 

neutron root-mean-square charge radlur, fr 

proton root-mean-square charge radius, fh 

two-nucleon rc la t lve  posltion vector, fr 

t o t a l  m e r  of nuclear protons 

posltlon vector of projectile In  bem direction, fn 

binomial coefficient 

collection of constituent re la t ive  coordinates for target, fh 

nuclear density, fino3 

average nucleon-nucleon tota l  cross section, fn2 or 

heavy-ion absorption cross section, fR2 or nb 

cross section for abradlng n nucleons, fh2 or nb 
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Inprovements to  the Langley HZE Abrasion b d e l  

by 

Laurence Y. Townsend, Langley Research Center, Mmpton, V i rg in ia  

and 

Hari 6. Bidasaria, Old Dominion Mivers i ty ,  Norfolk, Virginia 

Sumnary 

Improvaents to  a previously developed HZE abrasion mde l  are made by 

incorporating more r e a l i s t i c  values fo r  the constituent Fermi molnentun and 

nucleon root-mean-square charge radius. The theoretical predictions fo r  

neon pro ject i les  at 2.1 GtVhucleon co l l id ing  with carbon and molybdenun 

targets are i n  excellent agreement with recent experiment results. 



The attractiveness of  H E  attenuaticn by nuclear fragmntatioa, as a 

means of  radiat ion protection fo r  future manned space a~pl icat ions,  

dictates that a quant i tat ively accurate nuclear fragrneirtation model be 

developed. I n  previous wnrk (refs. 1 and 2) an HZE h r a s i o n  model, wkich 

incorporates Pauli correlat ion ef fects and r e a l i s t i c  density distr ibut ions,  

has been developed. 

the proper chcice for  the nuclear density d is t r ibut ion were c lea r l y  

I n  reference 2, the importance of Pauli ef fects and 

demonstrated by comparison with recent experimental resul ts (ref .  3) .  For 

simplicity, the constituent Fermi momentun chosen fo r  use i n  that work was 

the value for i n f i n i t e  nuclear matter. I n  addition, the nuclear 

distr ibut ions were obtained by unfolding the f i n i t e  proton charge 

d is t r ibut ion from the experimental nuclear charge densities. I n  t h i s  work, 

improvements i n  these two areas are made by u t i l i z i n g  more r e a l i s t i c  values 

f o r  the Fermi nunnentun (refs. 4 and 5) and by u t i l i z i n g  an "effect ive" 

nucleon charge d is t r ibut ion which accounts for the differences betweel the 

neutron and proton charge distr ibut ions (ref .  6). 
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ANALYSIS 

Fran reference 2, the cross section for abrading p r o j e c t i l e  nucleons 

i s  

where the residual fragment (prefragnent) mass number i s  

AF = Ap - n 

and I($) i s  

T ~ W  Pauli correlat iot l  function approximation c($),  i s  

where kF = 1.36 f m - l  f o r  i n f i n i t e  *uc:ear matter. Since i n f i n i t e  nuclear 

mat ter  i s  approached only fcr  very heavy nuclei ( ref .  3 ) ,  the corresponding 

Fermi momentum, a1 though a reasonable approximat ion, i s  general l y  an 

overestimate, especial ly for 
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l i gh te r  nuclei. This can be seen from Table I which l i s t s  valdes for Fermi 

momenta (kF) as a function of  mass number, obtained from 500 MeV electron 

scattering experiments ( re f .  4). The value fo r  ICF i s  even smaller if the 

incident lab momentum per nue:mn ( d r i f t  nomentw) i s  accounted for 

(ref. 5). 

The nuclear bensities, PT and pp, shown in  equation (3) are 

obtained by unfolding the gaussizn nucleon charge density from the 

experimental nuclear charge d i s t r i bu t i on  using the methods of  references 2 

and 7. 

Identical to  that  of  a bare proton. Since the charge d i s t r i bu t i on  of a 

proton d i f f e r s  from that of  a neutron, we replace the bare proton nns 

radius by an ef fect ive nucieon rms charge radius ( re f .  6) which accounts 

f o r  t h i s  difference. From reference 6, it is 

I n  those vmrks, the nucleon charge density was assurned t o  be 

2 r2 = r2 - ( N / z )  rn 
C P  

where the bare proton nns radius i s  rp = 0.87 f m  ( re f .  2) and the neutron 

rms radius i s  rn = 0.3359 f m  ( re f .  8). I n  equation ( 5 1 ,  N i s  the nc-utron 

nunber and 2 the proton number fo r  the nucleus unde; consideration. 
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RESULTS 

Abrasion cross sections f o r  neon-carbon col l is ions,  using equation 

(1). are l i s ted  i n  Table I1 as a function of  nucleon charge radius, rc, 

and Fermi momentum, kF. The values of  rc correspond t o  the bare proton 

(0.87 fm) and the ef fect ive nucleon radius (0.806 fin) obtained from 

equation (5). The values fo r  k~ correspond to the i n f i n i t e  matter value 

(1.36 fir’), the value fo r  the cmposite system (A = Ap + Af there 

kF = 1.23 fin-’), and a representative value, from reference 5, W c h  

includes d r i f t  momentum effects (0.7 fm-’). 

resul ts with the experimental data o f  Stevenson e t  a1 ( re f .  3), it i s  

necessary t o  canvert the abrasion cross sections in to  re la t i ve  

probabi l i t ies  fo r  the formation o f  a par t icu lar  residual p r o j e c t i l e  

fragment mass, 4. The resul ts of  t h i s  procedure, which i s  described i n  

de ta i l  i n  reference 2, are l i s t e d  i n  Table I11 and displayed in  f igures 1 

and 2. Also displayed i n  the f igures are the experimental data of 

reference 3. 

I n  order to  compare these 

I n  f igure 1 are displayed the resul ts obtained for Ne+C i n  reference 2 

(rc = 0.87 fm, kF = 1.36 ~III-~) and th is  w r k  (rc = 0.806 fm, 

kF = 0.7 fm’l) compared with the experimental data ( re f .  3 ) .  The 

agreement between erperimenc and the resul ts o f  t h i s  work I s  excellent. 

Fran Table 111, analysis of  the re la t i ve  probabi l i t ies  indicates that there 

i s  essent ia l ly  no dependence o f  the re la t i ve  probabi l i ty  on kF. Note 

that Table 11 shows Uabs decreasing as kF decreases. A l l  values of 

UabS l i s ted  i n  Table 11, however, are in  excellent agreement with the 
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experimental value o f  1040*60 nt, (ref.  9). From f igure 2 wc see that  the 

improved agreement with the experiment i s  due to  incorporating the neutron 

charge d is t r ibu t ion  differences (from eq. (5)) in to  the e f fec t i ve  nucleon 

charge distr ibut ion.  The Fermi lromentun was kF - 0.7 fm-’ f o r  both 

curves. 

Figure 3 displays resul ts  obtained fo r  Ne + H3 with rc = .80 f& and 

kF = 0.7 ~ l .  I n  general, the agreement i s  qu i te  good except hen 

AF < 4 where the theory overestimates the re la t i ve  probabi l i t ies .  The 

theoretical curve was determined using 96Mo as a target. The experiment 

data were obtained fo r  natural molybaenun which has 7 stable isotopes 

( A  = 92, 94, 95, 96, 97, 98, 100) of  roughly comparrble abundance (9.04 

perceRt t o  23.78 percent). Unfortunately, experimental charge d i s t r i bu t i on  

data (ref .  8) are not available fo r  a l l  stable molybdenum isotopes 50 that  

a more exact theoretical analysis i s  not possible. 
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CONCLUDING REMARKS 

By u t i l i z i n g  an effect ive nucleon charge distr ibut ion,  rather than the 

bare proton distr ibut ion,  t o  account f o r  differences i n  the charge 

d i s t r i b u t i m s  within the proton and neutron, improved agreement between ,he 

predicted abrasion cross sections and recent experimental data were 

obtained. These f indings also confirm the s e n s i t i v i t y  of  the abrasion 

resul ts to  the assumed nuclear d i s t r i bu t i on  found i n  reference 2. I n  

reference 2, the need f o r  Pauli ef fects t o  be included were also c lea r l y  

demonstrated. I n  t h i s  work, however, we f i n d  that once Pauli e f fects  are 

included, the abrasion resul ts  are r e l a t i v e l y  insensi t ive ( a t  2.1 

GeV/nucleon) to  the actual v 3 l u e  of  Fermi momentun used, as long as it i s  

physical ly r e a l i s t i c  (less than the i n f i n i t e  matter value). Further 

confirmation of these f indings and additional improvements t o  the theory 

w i l l  require additional experimental data. 
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Table I1 

Nunber o f  Abraded 

Abrasion Cross Sections for 2oNe + “C+n t X 
(incident kinetic energy is 2.1 bV/nucleon). 

Abrasion Cross Sections, t& 
I 

rc = 0.87 fin I nucleons, n 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

248 
134 
96 
76 
64 
57 
52 

45 
43 
42 
40 
37 
33 
26 

10 
4 
1 

4a 

ia 

241 
131 
93 
74 
63 
56 
50 
47 
44 
42 
41 
39 
37 
33 
26 
18 
10 
4 
1 

241 
131 
93 
74 
63 
56 
50 
47 
44 
42 
41 
39 
36 
32 
25 
16 
9 
4 
1 

252 
136 
96 
77 
65 
57 
52 
48 
46 
44 
42 
40 
36 
31 
24 
16 
8 
3 

0.8 
20 0.1 0.1 0.1 0.1 

a a b a  

11 



Table I11 

b 

Relative Probabilities for Fornation of Projectile 
F r m t  4 for Me + C 

r c  0.87 fr rcm.W6 * 

19 

17 
16 
15 
14 

ia 

13 
12 
11 
10 
9 
0 
7 
6 
5 
4 
3 
2 
1 
0 

.131 

.141 

.lo! 

.080 

.068 

.060 

.OS4 

.os0 

.048 

.046 

.044 

.042 

.039 

.035 

.027 

.019 

.010 

.004 

.001 
.OOO1 

.130 

.140 

.loo 
,080 
.068 
.060 
.os4 
.OW 
.048 
.046 
.044 
.042 
.040 
.035 
,028 
.019 
.011 
.004 
.001 
.o001 

.131 

.141 

.lo1 

.080 
A68 
.060 
.os5 
.os1 
.M8 
.046 
.044 
.042 
.039 
.OM 
.027 
.019 
.OlO 
.004 
.001 
.o001 

,133 
.143 
.102 
.051 
.068 
.060 
.055 
.051 
.048 
.!x 
.045 
.042 
.ON 
,033 

.016 

.009 

.003 
.0008 
.0001 

.a25 
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Figure 1. Abrasion wsul ts  for neon project i les col l iding 
with carbon targets, as predicted by th is  work and the 
previous abrasion model (ref. 2), compared with experiment. 
Incident kinet ic  energy i s  2.1 GeV/nucleon. 
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Figure 2. 
with carbon targets, as a function o f  nucleon rnis charge 
radius, rc, compared with experiment. 
enerqy i s  2 .1  GeV/nucleon. 

Pbrasion results for  neon project i les colliding 
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Figure 3. 
co l l id ing  wi th  molybdenum targets.  
energy i s  2 .1  GeVlnucleon. 

Abrasion results for  neon pro jec t i les  
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